This study examines the linkages between leading patterns of interannual sea level pressure (SLP) variability over the extratropical and the eastern Pacific (EP) and central Pacific (CP) types of El Niñ o-Southern Oscillation (ENSO). The first empirical orthogonal function (EOF) mode of the extratropical SLP anomalies represents variations of the Aleutian low, and the second EOF mode represents the North Pacific Oscillation (NPO) and is characterized by a meridional SLP anomaly dipole with a nodal point near 508N. It is shown that a fraction of the first SLP mode can be excited by both the EP and CP types of ENSO. The SLP response to the EP type is stronger and more immediate. The tropical-extratropical teleconnection appears to act more slowly for the CP ENSO. During the decay phase of EP events, the associated extratropical SLP anomalies shift from the first SLP mode to the second SLP mode. As the second SLP mode grows, subtropical SST anomalies are induced beneath via surface heat flux anomalies. The SST anomalies persist after the peak in strength of the second SLP mode, likely because of the seasonal footprinting mechanism, and lead to the development of the CP type of ENSO. This study shows that the CP ENSO is an extratropically excited mode of tropical Pacific variability and also suggests that the decay of an EP type of ENSO can lead to the onset of a CP type of ENSO with the aid of the NPO. This extratropical linking mechanism appears to be at work during the 1972, 1982, and 1997 strong El Niñ o events, which were all EP events and were all followed by strong CP La Niñ a events after the NPO was excited in the extratropics. This study concludes that extratropical SLP variations play an important role in exciting the CP type of ENSO and in linking the transitions from the EP to CP events.
Introduction
It is becoming increasingly recognized that there are two different types of El Niñ o-Southern Oscillation (ENSO; Larkin and Harrison 2005; Yu and Kao 2007; Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009 ). One type is characterized by sea surface temperature (SST) anomalies centered in the tropical eastern Pacific, and the other by SST anomalies centered in the tropical central Pacific. Kao and Yu (2009) refer to these two types as the eastern Pacific (EP) and central Pacific (CP) types, respectively. Different terms have also been used to describe the CP type, including ''dateline El Niñ o'' (Larkin and Harrison 2005) , ''El Niñ o Modoki'' (Ashok et al. 2007) , and ''warm pool El Niñ o'' (Kug et al. 2009 ). Studies have shown that these two ENSO types have different impacts on global weather and climate (e.g., Larkin and Harrison 2005; Kao and Yu 2009; Weng et al. 2009; Kim et al. 2009; Yeh et al. 2009 ). Before this twotype view of ENSO emerged, El Niñ o was already known to produce teleconnections with the extratropics by forcing sea level pressure (SLP) variations characterized by a deepened Aleutian low and a ridge downstream over North America (Horel and Wallace 1981) . This wavelike pattern resembles the so-called Pacific-North America (PNA) teleconnection pattern (Wallace and Gutzler 1981) . It has also been suggested that the extratropical SLP response to ENSO can be sensitive to the longitudinal position of the tropical SST anomalies (Mo and Higgins 1998 ). An obvious question is then whether the extratropical SLP variations associated with the CP ENSO are similar to or different from those described for the conventional EP ENSO. An answer to this question is crucial to contrast and explain the global impacts of these two types of tropical SST variability.
Previous studies have also suggested that extratropical SLP variations can influence the occurrence of El Niñ o events. A seasonal footprinting mechanism was proposed by Vimont et al. (2001 Vimont et al. ( , 2003 Vimont et al. ( , 2009 ) to suggest how midlatitude atmospheric variability could lead to tropical SST variability via atmosphere-ocean coupling in the subtropics. These extratropical and subtropical airsea interactions were suggested to be capable of leading to the onset of El Niñ o events (Anderson 2003 (Anderson , 2004 Chang et al. 2007 ). These views suggest that extratropical SLP variations can force ENSO events, which is opposite to the interaction mentioned in the previous paragraph in which ENSO SST variability forces extratropical SLP variations. In this study, we examine force-and-response relationships between extratropical SLP variations and tropical Pacific SST variations associated with the EP and CP types of ENSO.
Data and EOF analysis
Two datasets are used in this study. For the SST, we use the Extended Reconstruction of Historical Sea Surface Temperature version 3 (ERSST V3; Smith and Reynolds 2003) from the National Climate Data Center (NCDC). For the atmospheric fields, we use the National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) reanalysis (Kistler et al. 2001) . We choose to analyze the period 1958-2007, during which both the ERSST and NCEP-NCAR reanalysis are available. Anomalous quantities are computed by removing the monthly mean climatology and a linear trend. A running mean with a boxcar filter is applied to the anomalies to remove variability shorter than 12 months.
We first perform empirical orthogonal function (EOF) analysis to identify the leading patterns of interannual SLP variations in the extratropical Pacific. The EOF analysis is applied to the covariance matrix of monthly SLP anomalies between 208 and 608N and between 1208E and 808W. The first two leading EOF modes are shown in Fig. 1 . The first EOF mode (Fig. 1a) explains 40% of the total SLP variance and is characterized by a SLP anomaly pattern that has large values in the North Pacific where the Aleutian low is located. Therefore, this SLP mode represents interannual variations of the Aleutian low. The second EOF mode (Fig. 1b) explains 16% of the total SLP variance and is characterized by out-of-phase SLP variations between the subtropical Pacific (208-408N) and the higher-latitude Pacific (508-608N). This mode resembles the so-called North Pacific Oscillation (NPO; Walker and Bliss 1932; Rogers 1981) . To examine the SLP anomalies associated with these two modes over other parts of the Pacific, SLP anomalies between 308S and 608N are regressed onto the principal components (PCs) of these two EOF modes (PC1 and PC2 hereafter). The results are shown in Figs. 1c,d , where the regression coefficients that are significant at the 99% level using a Student's t test are shaded. For the first EOF mode, Aleutian low variations are associated with significant tropical SLP anomalies that are out of phase between the eastern and western Pacific (Fig. 1c) . The tropical SLP anomaly pattern resembles the Southern Oscillation pattern. Because SLP anomalies in the tropics are typically much smaller than those in the higher latitudes (Kutzbach 1970; Kidson 1975) , we also show in Fig. 1e the correlation coefficients between PC1 and basinwide Pacific SLP anomalies. The Southern Oscillation pattern is better revealed in this figure in which the SLP anomalies have been normalized by their local standard deviations. For the second EOF mode, the associated SLP anomalies extend to the tropical central Pacific from the southern center of the NPO, as is evident in both the regression and correlation analyses (Figs. 1d,f) .
Aleutian low variations and the EP and CP types of ENSO
We next identify the SST anomalies associated with these two SLP variation modes by regressing Pacific SST anomalies onto the PCs of the two SLP modes. As shown in Fig. 2 , the first SLP mode is associated with a typical ENSO SST pattern in the tropical Pacific whose SST anomaly center is located in the eastern Pacific and attached to the South America coast; these are both major characteristics of the EP type of ENSO identified by Kao and Yu (2009) . The pattern correlation between the SST regression pattern shown in Fig. 2 between 208S and 208N and the SST anomaly pattern obtained by Kao and Yu (2009; their Fig. 3) for the EP ENSO is 0.83, which is larger than the corresponding pattern correlation with the CP ENSO (0.59). To further examine the relations between the first SLP mode and the EP and CP types of ENSO, we calculate the lead-lag correlations between PC1 and the SST indices for these two types of ENSOs (the EP and CP indices, hereafter). Both indices are obtained from Kao and Yu (2009) , where a combined regression EOF method [similar to the conditional EOF of ] was used to separate the CP and EP types of ENSO. To obtain the SST EOF pattern for the CP ENSO, they removed SST anomalies regressed with the Niñ o-112 (08-108S, 908-808W) SST index (which represents the influence of the EP type) and then applied EOF analysis to the residual anomalies. The monthly values of the principal component of this CP EOF are the CP index, which is used to indicate the strength of the CP ENSO. Similarly, the EP index is the principal component of the EP EOF of the residual SST anomalies where SSTs regressed with the Niñ o-4 (58S-58N, 1608E-1508W) SST index were removed. The lead-lag correlation coefficients between the first SLP mode (i.e., PC1) and the EP and CP indices are shown in Fig. 3 . The EP index has a larger correlation with the first SLP mode than the CP index does (0.29 and 0.24, respectively, significant at the 99% level according to a Student's t test).
The largest correlations occur when the EP index leads the first SLP mode by one month and when the CP index leads the first mode by three months. Therefore, although both the EP and CP types of ENSO contribute to interannual variations in the Aleutian low, the Aleutian low tends to have a larger and more immediate response to the EP ENSO than to the CP ENSO. The extratropical SLP response to the CP ENSO is two months slower than the response to the EP ENSO.
The correlations shown in Fig. 3 are relatively small although they are significant. The small values imply that tropical SST forcing is just one of the factors that contribute to interannual variations in the Aleutian low. Other processes, such as internal atmospheric dynamics and other lower boundary forcing, must also be important. Another reason for the smaller correlation values is that some of the interannual tropical SST variability is excluded by the regression EOF method used in Kao and Yu (2009) to calculate the EP and CP indices. As mentioned, the indices were calculated from residual SST anomalies after some regressed SST anomalies were removed. This method was designed to increase the independence between the EP and CP indices, which is important for identifying the two types of ENSO. If we use Niñ o-3 SST anomalies to represent the EP ENSO and Niñ o-4 SST anomalies to represent the CP ENSO, as in Kug et al. (2009) , the largest correlation increases to 0.5 when the Niñ o-3 index leads the first SLP mode by one month and to 0.4 when the Niñ o-4 index leads the SLP mode by three months (not shown). The Aleutian low's response to the SST anomalies in the eastern equatorial Pacific is still stronger and more immediate than to the anomalies in the central equatorial Pacific, which is consistent with Fig. 3 . We have also examined individual EP El Niñ o events to further verify the connection between the EP ENSO and the first SLP mode. Over the analysis period 1958-2007, a total of 15 ENSO events can be identified using the National Oceanic and Atmospheric Administration's (NOAA's) Ocean Niñ o Index. Six of them are considered to be of the EP type and the other nine of the CP type, based on the EP and CP index of Kao and Yu (2009) or the subsurface ENSO index of Yu et al. (2011) . Winter [December-February (DJF)] SLP anomalies for each of the six EP events are shown in Fig. 4 and their pattern correlation coefficients with the first SLP mode (Fig. 1a) are calculated. The figure shows that except for 1965/66 and 1972/73 events, the seasonally averaged SLP anomaly patterns resemble the first SLP mode with the pattern correlation coefficients ranging from 0.50 to 0.84. The SLP anomalies composed from these six events (Fig. 4g ) have a pattern correlation of 0.81 with the first SLP mode. A similar analysis with the CP events (not shown) reveals that large pattern correlations (greater than 0.5) are found in only four of the nine CP events, which is a smaller percentage than the EP events (four out of six events). These case studies confirm a stronger association of the Aleutian low (the first SLP mode) with the EP ENSO than with the CP ENSO.
Another major feature in Fig. 2 is a zonally oriented SST anomaly dipole in the central to eastern Pacific between 208 and 508N, which is characterized by a SST anomaly center off the western coast of North America and another anomaly center of opposite sign farther west. Yu et al. (2001) used a long-term simulation of a coupled atmosphere-ocean general circulation model to show that this SST anomaly dipole was forced by surface heat flux anomalies associated with the variations of the Aleutian low. We perform an analysis similar to theirs in Fig. 5 by comparing the regression patterns of SLP, 1000-mb wind, surface heat flux, and SST anomalies with the PC of the first SLP mode. This figure shows that the intensified Aleutian low (i.e., negative SLP anomalies) produces cyclonic wind anomalies (Fig. 5a ), which bring warm and moist air to the North American coast to produce positive (into the ocean) surface heat flux anomalies and cold and dry air to the central North Pacific to produce negative surface heat flux anomalies (Fig. 5b) . Underneath these two locations, positive and negative centers of the extratropical SST anomaly dipole form (Fig. 5c) . Figure 2 , therefore, suggests that the Pacific SST anomaly signatures associated with the first SLP mode are an EP type of ENSO in the tropics and a zonal dipole in the extratropics. To verify the occurrence sequences among these three anomaly patterns, we use three indices to represent their variations and to calculate their lead-lag correlations. The Aleutian low variation (i.e., the first EOF mode) is represented by PC1, the strength of the EP ENSO by the SST anomalies averaged in the eastern equatorial Pacific (between 58S-58N and 1308-808W), and the strength of the extratropical SST anomaly dipole by a dipole index defined as the SST anomaly difference between the eastern (308-458N,1308-1208W) and central (308-458N, 1708E-1508W) extratropical Pacific. (Fig. 1a) are also shown.
The correlations between the two SST indices and PC1 are shown in Fig. 6 . The figure indicates that the eastern equatorial Pacific SST index (solid line) leads the Aleutian low variation by one month, which in turn leads the extratropical SST dipole index (dashed line) by three months.
The analyses presented in Figs. 2-6 together suggest that part of the first SLP mode represents an extratropical atmospheric response to tropical SST anomaly forcing (particularly the EP type) and is involved in the atmospheric bridge mechanism that allows the tropical SST anomalies to force the zonal SST anomaly dipole in the North Pacific. These results are consistent with previous studies of ENSO's influences on the Aleutian low and North Pacific Ocean and the atmospheric bridge mechanism (e.g., Horel and Wallace 1981; Pan and Oort 1983; Alexander 1990 Alexander , 1992a Trenberth and Hurrell 1994; Deser and Blackmon 1995; Lau and Nath 1996; Niebauer 1988; Overland et al. 1999; Alexander et al. 2002; Yeh and Kirtman 2003; DeWeaver and Nigam 2004; Rodionov et al. 2007 ; and a number of others). But this study emphasizes that the extratropical association is stronger for the EP ENSO and that the bridging mechanism is faster for the EP ENSO than for the CP ENSO.
North Pacific Oscillation and the EP and CP types of ENSO
We now turn to the relationship between Pacific SST anomalies and the second SLP mode. Figure 7 shows the SST anomalies regressed onto the PC of the second SLP mode. The regression is characterized by a band of positive SST anomalies extending from the northeastern Pacific to the tropical central Pacific, a zonal band of negative SST anomalies along 308N, and another band of positive SST anomalies along 508N. This meridional SST tripole pattern is different in two major ways from the zonal SST dipole pattern associated with the first SLP mode (see Fig. 2 ). First, the tripole pattern extends further equatorward than the dipole pattern. While the dipole has most of its SST anomalies located north of 308N, the tripole anomalies extend into the tropics. Second, in the tripole pattern large SST anomalies are confined to the eastern part of the Pacific while the dipole pattern has substantial anomalies in the central North Pacific. To explore the linkage between the SST tripole pattern and the second SLP mode further, we show in Fig. 8 the regression of SLP, 1000-mb wind, surface heat flux, and SST anomalies onto the PC of the second SLP mode. The figure shows that in the southeastern quarter of the southern SLP anomaly center, southwesterly anomalies (Fig. 8a ) advect warm and moist air into the region to reduce the out-of-the-ocean surface heat flux (i.e., positive heat flux anomalies; Fig. 8b ) and consequently produce the positive SST anomaly band that extends toward the central tropical Pacific (Fig. 8c) . Conversely, on the western side of the SLP anomaly center, positive zonal wind anomalies strengthen the mean westerlies and enhance the out-of-ocean heat fluxes (i.e., negative surface heat flux anomalies). As a result, a band of negative SST anomalies is produced at around 308N. In between this southern SLP anomaly center and the SLP anomaly center to the north, easterly anomalies are generated, which weaken the climatological westerly winds, reduce out-of-ocean surface heat fluxes, and produce a zonal band of positive SST anomalies along 508N. The analysis presented in Fig. 8 indicates that the SST tripole pattern is forced by the surface heat flux anomalies associated with the second SLP mode, particularly its southern anomaly center.
By inspecting the spatial patterns of the regressed lead-lag SST anomalies with the second SLP mode, as shown in Fig. 9 , it is noticed that the subtropical SST anomalies induced by the SLP mode can sustain themselves several months after the second SLP mode peaks (i.e., at lag 0) and can extend into the central equatorial Pacific. A few months after the peak, positive SST anomalies are established in the central equatorial Pacific (see lags 2-4). These anomalies then intensify rapidly, which is an indication that local air-sea interactions FIG. 9 . SST anomalies regressed with the second SLP mode from lag 210 months to lag 110 months. The contour interval is 0.1 and the regression coefficients significant at the 99% level according to a Student's t test are shaded. Positive lags indicate the PC leads the SST anomalies.
have become active in growing the equatorial SST anomalies. About six months after the second SLP mode peaks, a warming pattern is well developed in the central equatorial Pacific. It is also important to point out that this tropical Pacific SST anomaly pattern is similar to the CP type of ENSO described by Kao and Yu (2009) and is different from the EP type associated with the first SLP mode (see Fig. 2 ). The warming starts from central Pacific rather than the South American coast. Figure 9 indicates that the NPO (i.e., the second SLP mode) serves as an extratropical forcing to the onset of the CP type of ENSO. A possible mechanism for sustaining the subtropical SST anomalies after the NPO peaks is the seasonal footprinting mechanism of Vimont et al. (2001 Vimont et al. ( , 2003 Vimont et al. ( , 2009 . They suggested that the wind-evaporation-SST (WES) feedback mechanism of Xie and Philander (1994) was responsible for sustaining the subtropical SST anomalies for several seasons. These persistent subtropical SST anomalies then force wind anomalies in the central to western equatorial Pacific to initiate tropical SST anomalies. A heat budget analysis of central Pacific SST variability by Yu et al. (2010) came to a similar conclusion, except that they suggested that ocean advection processes associated with the subtropical surface wind anomalies also contribute to the onset of the equatorial SST anomalies. Their analysis suggested that vertical and meridional ocean advection related to readjustment of the subtropical cell (STC; McCreary and Lu 1994) to the subtropical trade wind changes is important in the onset stage of the central equatorial SST anomalies.
To further examine the relationships between the second SLP mode and the two types of ENSO, lead-lag correlation coefficients between the PC of the second SLP mode and the CP and EP indices are shown in Fig. 10 . For the CP type (Fig. 10b) , the largest correlation (0.38, significant at the 99% level using a Student's t test) occurs when the second SLP mode leads the CP ENSO by eight months, which is consistent with Fig. 9 in that the second SLP mode drives the CP type of SST variations. Figure 10a shows that for the EP ENSO the largest correlation (20.47) occurs when it leads the SLP mode by six months. This relatively strong correlation indicates that the EP ENSO can force the second SLP mode. To look into this relation further, we show in Fig. 11 the regression of Pacific SLP anomalies onto the EP index at various time lags. During the development and mature phases of the EP ENSO (i.e., from lag 26 to lag 0), the Pacific SLP variations are dominated by negative anomalies around the Aleutian low (i.e., the first SLP mode) and a Southern Oscillation pattern in the tropics. But during the decay phase of the EP ENSO (after lag 0), the positive SLP anomalies in the western Pacific south of the 508N expand toward the central North Pacific. The extratropical SLP anomaly pattern gradually changes to the NPO-like pattern consisting of a seesaw pattern centered at 508N. The NPO pattern can be clearly recognized after lag 16 of Fig. 11 . We project the regressed SLP patterns of Fig. 11 onto the first and second SLP modes (i.e., Figs. 1a, b) and show the projection coefficients in Fig. 12 . This figure shows that the projection coefficient is largest onto the first SLP mode near the mature phase of the EP type and onto the second SLP mode during the decay phase of the EP type.
The cause of the transition of the SLP anomaly patterns requires further study. But it is interesting to find that the EP ENSO can excite the second SLP mode during its decay phase. It implies that the EP ENSO is one of the forcing mechanisms capable of producing the north-south SLP anomaly dipole in the extratropical atmosphere (i.e., the NPO). Since the largest correlation between the second SLP mode and the EP ENSO is 20.47 (from Fig. 10 about 22% of the NPO can be attributed to the EP type of tropical Pacific warming and cooling events. As we have already pointed out, the second SLP mode can lead to the CP ENSO; it is therefore possible that some of the CP events are excited after by the demise of EP events through the second EOF mode of extratropical SLP variations. Armed with this speculation, we go back to Fig. 9 to inspect the SST anomalies regressed with the second SLP mode. We notice that before the second SLP mode peaks at lag 0, a La Niñ a event is decaying in the eastern Pacific (i.e., from lag 210 to lag 0). Consistent with the negative correlation between the second SLP mode and the EP index, Fig. 9 indicates that as a cold (warm) phase of the EP ENSO decays, a positive (negative) phase of the second SLP mode develops in the extratropical Pacific, which can then drive a warm (cold) FIG. 11 . SLP anomalies regressed with the EP index from lag 210 months to lag 110 months. The contour interval is 4.0, and values significant at the 99% level are shaded. Positive lags indicated that the EP index leads the SLP anomalies.
phase of CP ENSO a few months later. The occurrences of CP and EP types of ENSO can, therefore, be linked in sequence by the second mode of extratropical SLP variations. This is another kind of atmospheric bridge mechanism, but this bridge links the two different types of tropical Pacific SST variability. This ''extratropical linking mechanism'' may be a reason why strong CP-type La Niñ a events tend to occur after strong EP-type El Niñ o events, as noted in Yu et al. (2011) . For instance, the strong CP La Niñ a events of 1973/74, 1983/84, and 1998/99 came after the strong EP El Niñ o events of 1972/73, 1982/83, and 1997/98 , respectively. To further verify this linking mechanism, we display in Fig. 13 the evolution of equatorial (58S-58N) SST anomalies (contours) from these three sets of events and the corresponding principal component values (red line) of the second SLP mode. The figure shows that all three CP La Niñ a events (1973, 1983, and 1998) preceded by a negative PC value in the previous spring, and all these negative PC values began to increase after the EP El Niñ o events began to decay. All three of these events show a sequence of EP El Niñ o, second SLP mode, and CP La Niñ a, consistent with the extratropical linking mechanism suggested by this study. It should be noted that while our results suggest that some CP events may be induced by EP events via the second SLP mode, we do not exclude other possible generation mechanisms for the CP ENSO. Also, given the limited number of available cases in observations, further studies (e.g., using state-ofthe art coupled models) are needed to further confirm this observed EP-to-CP transition.
Conclusions and discussion
In this study, we linked the two leading EOF modes of extratropical SLP variations to the EP and CP types of ENSO. The first SLP mode is associated with interannual variability of the Aleutian low and can be excited as an extratropical response to the both types of ENSO. The warm phase (El Niñ o) of ENSO enhances the strength of the Aleutian low (i.e., negative SLP anomalies), and the cold phase (La Niñ a) weakens it (i.e., positive SLP anomalies). This study finds that the Aleutian low has a stronger and more immediate response to the EP type of ENSO than to the CP type. The tropicalextratropical teleconnection appears to act more slowly for the CP ENSO. The second SLP mode is characterized by a meridional seesaw pattern in the central Pacific with a nodal point near 508N. This SLP anomaly pattern resembles the NPO. It is found that this SLP mode can force the onset of the CP type of ENSO.
Our results are consistent with many previous studies that have suggested that tropical SST variations can force extratropical SLP variability and that extratropical SLP variations are precursors to tropical SST variability. However, this study is able to link these two different tropical-extratropical relationships separately to the EP and CP types of ENSO: 1) the EP type is more important than the CP type in forcing the extratropical SLP variability (which projects to both the Aleutian low variation and the NPO), 2) the second EOF mode of the extratropical SLP variability is crucial to the generation of the CP type of ENSO, and 3) the NPO offers an extratropical linking mechanism connecting the occurrence sequence of the EP and CP types of ENSO. This linking mechanism may play some role in determining the SST propagation direction of ENSO events. The second linkage substantiates the suggestion of Yu et al. (2010) that a significant part of the SST variability in the central equatorial Pacific is excited by extratropical atmospheric forcing. It should be noted that the zonal advection of mean SST by anomalous zonal currents plays a key role in developing the CP El Niñ o, as suggested by Kug et al. (2009) and Yu et al. (2010) . However, as Yu et al. (2010) pointed out, the zonal advection process is important only after SST anomalies become established in the central equatorial Pacific. The initial establishment of the equatorial SST anomalies is related to the extratropical forcing. Our results do not exclude the suggestion by Yu et al. (2009) that the CP ENSO can also be excited by Asian and Australian monsoon forcing, since it is known that monsoon heating has an important influence on subtropical and extratropical sea level pressure variations (e.g., Chen et al. 2001) .
